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Abstract In this work, we present Raman spectroscopy study of graphene thin films
obtained by rapid thermal annealing in vacuum. As a carbon source, we used spectroscopic
graphite electrodes cut into small pieces on top of which we deposited copper/nickel thin films.
Samples were then annealed at different annealing temperatures (600, 700, 800 and 900 °C)
for 30 min. Raman spectroscopy study showed that annealing at lower annealing temperatures
(600 and 700 °C) leads to formation of single layer graphene thin films with relatively high
level of defects. Annealing at higher annealing temperatures (800 and 900 °C), on the other
hand, resulted in formation of homogenous multilayer graphene thin films. From Raman
spectra, we also concluded that samples annealed at higher annealing temperatures had lower
level of defects compared to the samples annealed at lower annealing temperatures.
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1 Introduction

Carbon is one of the most prominent elements on the planet, and thus is quite easy to
obtain. The true beauty of graphene is in its simplicity. Graphene is a thick planar sheet
with hexagonally arranged carbon atoms. However, as simple as the material is, the
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properties that emerge as a consequence of this simple structure are phenomenal. Because
of its structure and properties, it has great potential for application in various fields
(Matyba et al. 2010; Yang et al. 2010).

In order to exploit graphene for these applications, several synthesis routes have been
employed (Mattevi et al. 2011; Novoselov et al. 2004; Stankovich et al. 2007). However,
all of these synthesis routes have their own advantages and limitations.

In this paper, we present graphene synthesis from a solid precursor. As a substrate, and
carbon source for graphene synthesis, we used spectroscopic graphite electrodes (99.999 %
purity, Ringsdorff Spektralkohlestibe, hochster Reinheit, SGL Carbon, Germany) cut into
small pieces, 1 cm x 1 cm, and polished with diamond pastes. On top of the graphite
substrates, we deposited thin copper/nickel (Cu/Ni) films. The deposition was carried out
by direct current (DC) sputtering (Balzers Sputtron II system, Switzerland) using 1.3 keV
argon (Ar) ions and 99.9 % pure Ni and Cu targets. The base pressure in chamber was
7 x 107° mbar and the Ar partial pressure during deposition was 1 x 1072 mbar. Ni was
the first deposited thin metal layer, and Cu was the second one. Thicknesses of individual
Ni and Cu films, measured by profilometry, were 50 and 700 nm respectively. Prepared
samples were then annealed at different annealing temperatures (600, 700, 800 and
900 °C) for 30 min in a vacuum furnace (TorVac system, United Kingdom) followed by
rapid cooling.

Raman spectra of annealed samples were obtained by DXR Raman microscope
(Thermo Scientific) using a 532 nm laser as excitation source. The laser power was kept at
2 mW to avoid heating of the sample with a pixel-to-pixel spectral resolution of 1 cm™".
For each sample several Raman spectra were recorded in different positions. The mor-
phology of the films was characterized by scanning electron microscopy (SEM, JEOL
JSM-6390LV) in vacuum at room temperature, with 15 kV acceleration voltage. Samples
elementary composition was obtained with energy dispersive spectroscopy (EDS, Oxford
Aztec X-max). The scanned surface area was 1 mm x 1 mm.

2 Results and discussion
2.1 Raman spectroscopy

Raman spectroscopy is a very important tool for the study of different allotropes of carbon,
since it is very sensitive to geometric structure and bonding within molecules (Ferrari and
Basko 2013). In graphene Raman spectra the three most prominent bands are the D, G and
the 2D bands. The D band appears at around 1350 cm ™" and it has been attributed to the in-
plane A, zone edge mode (Dresselhaus et al. 2010). Known also as the defect or the
disorder band, D band indicates the level of defects presented in the sample. The G band
appears at around 1580 cm™ ' and corresponds to the in-plane vibration mode involving the
sp> hybridized carbon atoms that comprise the graphene sheet. The G band position (0g)
and intensity (Ig) are sensitive to the number of graphene layers (Khan et al. 2014). The
most prominent band in graphene Raman spectra is sharp 2D band that appears at around
2700 cm™!. Based on the 2D band intensity (I,p), shape and position (®;p) it is possible to
determine the change in the number of graphene layers presented in the sample (Ferrari
et al. 2006; Wu et al. 2014).

Figure la presents Raman spectra of the samples annealed for 30 min at different
annealing temperatures ranging from 600 to 900 °C. Since the G band position (®g) can be
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affected by doping, we analyzed the G band intensity (Ig) to determine the change in the
number of graphene layers. To do so, all spectra were normalized in respect to the G band
intensity. The determined I average values were 0.24 + 0.012 for samples annealed at
600 °C, 0.61 £ 0.030 for the sample annealed at 700 °C, 1 &£ 0.05 for the sample
annealed at 800 °C and 1.05 & 0.03 for the sample annealed at 900 °C. Therefore, we
observed that Ig increases with annealing temperature (Fig. 1b), this change indicates the
variation in the number of graphene layers with temperature. From Fig. 1a, it was also
noticed that the defect level, determined by the D-to-G band intensity ratio (Ip/lg),
decreases with temperature, which was presented in Fig. 1c. The defect level for samples
annealed at 600 °C was 0.54 4+ 0.027, for samples annealed at 700 °C it was
0.44 £ 0.022, at 800 °C the defect level was determined to be 0.35 + 0.017 and for
samples annealed at 900 °C it was 0.33 =+ 0.016. The present defects may originate from
graphene edges or from the defects in graphene sheet, but lower values of Ip/Ig suggest the
formation of more homogenous and continuous graphene thin films at higher annealing
temperatures.

The more precise way to determine the change in the number of graphene layers present
in the samples is by analyzing the characteristic of the 2D band. For single layer graphene,
2D band is sharp, symmetric and at least two times higher than the G band (Ferrari 2007;
Wu et al. 2014). With rise of the number of graphene layers, the 2D band changes in shape,
his intensity (Ig) decreases, while its position shifts to the higher wavenumbers (Ni et al.
2008). In Fig. 2a, we present the change in the 2D band shape, intensity (I,p) and position
(o,p) with the annealing temperature. Here we can see that its shape becomes less sym-
metric while its intensity (I,p) lowers with increase of annealing temperature. Therefore, in
samples annealed at 600 and 700 °C, the 2D band is sharp and more than two times intense
compared to the G band, which is characteristic for the single layer graphene. In samples
annealed at 800 and 900 °C, the I,p lowers while its shape becomes less symmetric and
shifts to the higher wavenumbers, approximately 20 cm™'. The observed changes at higher
annealing temperatures are characteristic for multi layer graphene.

Figure 2b presents change in the number of graphene layers, determined from the 2D-
to-G band intensity ratio. Here we can see that the number of graphene layers increases
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Fig. 1 Raman spectra of formed graphene at different annealing temperatures (a), the G band intensity
(b) and the defect level (c) in the function of annealing temperature
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Fig. 2 2D band intensity in the function of annealing temperature (a), 2D-to-G band intensity ratio in the
function of temperature (b) and the FWHM values of the 2D band in the function of temperature (c)

Table 1 Data collected from the Raman spectra of the samples annealed at different annealing
temperatures

600 °C 700 °C 800 °C 900 °C

Ig 0.24 0.61 1 1

Lb 1 1 0.38 0.37

p (cm™") 2690 + 0.21 2683 4+ 0.18 2716 + 0.15 2707 + 0.25
In/lg 0.54 0.44 0.35 0.33

Lp/lg 4.16 3.20 0.38 0.37

FWHM (2D) 32 + 025 cm™! 35+ 0.15 cm™! 73 £ 0.22 cm™! 72 £+ 0.20 cm ™!

with temperature since the I,p/Ig ratio lowers. The calculated I,p/lg ratio for samples
annealed at differen annealing temperatures were 4.15 £ 0.208 at 600 °C, 3.20 £ 0.160 at
700 °C, 0.38 & 0.019 at 800 °C and 0.37 £ 0.018 at 900 °C. As some authors suggest, the
change in the number of graphene layers can be also confirmed with the widening of the
2D band, i.e. by calculating the full width at half maximum (FWHM) of the 2D band (Kim
et al. 2012). As it was presented in Fig. 2c, the FWHM values of the 2D band are
32 + 0.25 cm™' for samples annealed at 600 °C and 35 + 0.15 cm™' for samples
annealed at 700 °C, suggesting the formation of single layer graphene. By calculating the
FWHM of the 2D band of the sample annealed at 800 °C, we established that it amounts
73 4+ 0.22 ecm™ !, while for the sample annealed at 900 °C it was 72 £ 0.20 cm”~! indi-
cating the formation of multi layer graphene thin films at higher annealing temperatures.
All data collected from the Raman spectra presented in Fig. 1a are summarized in Table 1.

In Fig. 3 we present 2D bands from Raman spectra of the samples annealed at 600 and
700 °C fitted with only one Lorentzian curve suggesting the formation of single layer
graphene at these temperatures. On the other hand, 2D bands from the Raman spectra of
the samples annealed at 800 and 900 °C could not be fitted with less than six Lorentzian
curves signifying the formation of multi layer graphene at higher temperatures (Ferrari
et al. 2006).

2.2 SEM with EDS probe
Graphene layers synthesized on solid substrate can be imaged using SEM microscopy. The

use of SEM also facilitates imaging and EDS analysis of graphene layers with respect to
the substrate. In Fig. 4, we present SEM images of the samples annealed at 600 and 900 °C
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Fig. 3 2D band Lorentz fit from samples annealed at 600 °C (a) and 700 °C (b)

Fig. 4 SEM images of the samples annealed at 600 °C (a) and 900 °C (b) for 30 min and their elemental
composition (inset of a and b)

for 30 min. What we can see from Fig. 4a, b is the formation of the Cu/Ni alloy with
granular morphology (Subramanian et al. 2005), of approximately 2 pum in size.

Elementary analysis of the sample-scanned area (Fig. 4a inset) confirmed that the most
abundant elements on the surface of the sample annealed at 600 °C are carbon with 90 %,
Cu with approximately 10 % and Ni in a low percent. In samples annealed at 900 °C,
however the most abundant element is carbon with almost 100 % while Ni comes in
insignificant percentage, as it is presented in the inset of the Fig. 4b. This clearly indicates
the formation of more homogenous and continuous graphene thin films in samples
annealed at higher annealing temperatures. This conclusion also explains the lower defect
level in these samples.

3 Conclusion
In this paper, we demonstrated that annealing temperature affects graphene synthesis

concerning the change in the number of graphene layers. Graphene synthesis at lower
annealing temperatures led to the formation of single layer thin films with higher level of
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defects. Defects presented in the samples may originate from the fact that at these tem-
peratures there is the formation of Cu/Ni alloy that prevents the formation of continuous
graphene films. At higher annealing temperatures, however we observed the formation of
multi layer graphene thin films with lower defect level indicating the formation of more
homogenous and continuous graphene thin films.
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